However, non-therapeutic, irregular DBS neither reduced disorder in the computational basal ganglia nor lowered 29 model thalamic transmission errors. Thus, we show that clinically useful DBS alleviates motor symptoms by 30 regularizing basal ganglia activity and thereby improving thalamic relay fidelity. This work demonstrates that 31 high frequency stimulation alone is insufficient to alleviate motor symptoms: DBS must be highly regular. 32
movement, was quantified via an objective finger tapping protocol in the absence and presence of regular and 23 irregular DBS. Regular DBS relieved bradykinesia more effectively than irregular DBS. A computational model 24 of the relevant neural structures revealed that output from the globus pallidus internus was more disordered and 25 thalamic neurons made more transmission errors in the parkinsonian condition, compared to the healthy 26 condition. Clinically therapeutic, regular DBS reduced firing pattern disorder in the computational basal ganglia 27 and minimized model thalamic transmission errors, consistent with symptom alleviation by clinical DBS. 28
However, non-therapeutic, irregular DBS neither reduced disorder in the computational basal ganglia nor lowered 29 model thalamic transmission errors. Thus, we show that clinically useful DBS alleviates motor symptoms by 30 regularizing basal ganglia activity and thereby improving thalamic relay fidelity. This work demonstrates that 31 high frequency stimulation alone is insufficient to alleviate motor symptoms: DBS must be highly regular. 32
Descriptive models of pathophysiology that ignore the fine temporal resolution of neuronal spiking in favor of 33 average neural activity cannot explain the mechanisms of DBS-induced symptom alleviation. 34
Introduction

36
High frequency stimulation of the subthalamic nucleus or the internal segment of the globus pallidus is an 37 effective treatment for persons with Parkinson's disease (PD) whose symptoms have become medically 38 unmanageable. High-frequency deep brain stimulation (DBS) can alleviate tremor, bradykinesia, and rigidity, and 39 can enable a reduction in medication dose, thereby reducing dyskinesias. The therapeutic benefits of high 40 frequency DBS resemble those resulting from surgical lesions in the same locations. However, DBS has the 41 advantages that it is adjustable (the electrode geometry and stimulation parameters are programmable), reversible 42 (stimulation can be turned off and the electrodes can be removed), and DBS can be implanted bilaterally, while 43 bilateral lesions are often associated with unacceptable side effects (Okun and Vitek, 2004) . Although DBS has 44 been implanted in over 40,000 patients, the mechanisms of action remain unclear. and exiting the site of stimulation. Thus, while DBS and lesion may yield similar outcomes, the intuitive 54 hypothesis that they both alleviate symptoms by silencing neural activity appears to be incorrect. 55
If neuronal firing rates were directly responsible for symptom severity, the emerging view that DBS 56 increases widespread axonal activity could not be reconciled with the cessation of neural activity following 57 surgical lesion. However, symptom severity may be less related to rates of neuronal activity than to patterns of 58 neuronal activity, as suggested in: rodents (Degos et al. 2003). We hypothesize that the abolishment of pathological neuronal activity is the mechanism by which DBS 71 alleviates the motor symptoms of PD. 72
We propose this specific test of causality: DBS that reduces the variability of synaptic inhibition from 73 globus pallidus to thalamus will reduce bradykinesia in persons with PD, while DBS of the same amplitude and 74 average frequency that does not reduce synaptic variability will not alleviate symptoms. In particular, masking 75 the disease-induced pathological activity with regular (periodic) DBS-induced activity will alleviate parkinsonian 76 symptoms, while masking the disease-induced pathological activity with irregular (aperiodic) DBS-induced 77 activity will not alleviate symptoms. Indeed, in this study we found that periodic DBS patterns, which regularized 78 activity (i.e., lowered neuronal firing pattern entropy) in a computational model of the basal ganglia thalamic 79 circuit (Rubin and Terman, 2004), alleviated bradykinesia in human participants with PD. Conversely, aperiodic 80 DBS patterns of the same amplitude and average frequency, which did not regularize neuronal activity in the 81 computational model, did not alleviate bradykinesia in human participants. Thus we provide causal evidence for a 82 mechanism of DBS: regularizing neuronal activity and thereby synaptic release in the basal ganglia thalamic 83 network alleviates the motor symptoms of PD. 
Methods
85
The efficacy of high-frequency deep brain stimulation (DBS) with increasing degrees of temporal variability was 86 measured in both a computational model of the basal ganglia thalamic circuit and in human participants with 87
Parkinson's disease (PD) and existing DBS electrodes under awake and behaving conditions during battery 88 replacement surgery. These METHODS describe the types of DBS trains used in both cases, the computational 89 model construction and simulation, the analysis of the computational data, and the human protocol and data 90 analysis. 91
Temporally Irregular DBS
92
Four classes of DBS trains were constructed and denoted by their degree of variability (Fig. 1a,b) . One class had 93 no variability consisting of periodic pulses at 130 Hz, identical to the DBS provided by the pulse generators used 94 clinically (Kinetra or Soletra, Medtronic Inc., Minneapolis MN). The other three classes were constructed as 95 memoryless point processes, where the time from one pulse to the next was a random variable, found by drawing 96 a random sample from a gamma distribution of instantaneous frequencies, f i . The gamma distributions all had a 97 mean of 130 Hz, with standard deviations of 13, 39 or 78 Hz for the 10%, 30% or 60% variability classes, 98 respectively. Probability density functions of the instantaneous frequency, defined in terms of the gamma 99 function (Γ), were described by:
where the shape parameters (κ = 100 {1, 1 / 9 , 100 6 subthalamic nucleus (STN), globus pallidus externus (GPe), globus pallidus internus (GPi) and pallidal receiving 109 
. From each synaptic gating variable z, the synaptic current was found 129 Sensory-motor input to the thalamus (I smc ) was modeled as a gamma distributed pulse train, similar to the 166 trains used for irregular DBS stimulation. Each instantaneous frequency (i.e., the reciprocal of the time between 167 pulses) was drawn from a gamma distribution with shape parameter κ = 25 and scale parameter θ = 2/5, which 168 had an average of 10 Hz with a standard deviation of 2 Hz. Each depolarizing monophasic sensory-motor input 169 pulse had an amplitude of 2 pA/μm 2 and a duration of 5 ms. 170
Computer Simulations. The computational model was used to quantify the effects of parkinsonism and 171 temporally regular and irregular DBS on neuronal activity. Changes to the bias current of neurons in the globus 172 pallidus shifted the model between healthy and parkinsonian conditions. The DBS and sensory-motor input pulse 173 trains were generated in Octave, the GNU numerical computing language (http://www.gnu.org/software/octave). The synaptic conductance (G syn z) for each GPi to TC synapse was examined from 100 ms before to 50 ms 199 after the initiation of each sensory-motor input pulse ( normalized Gaussian function with a standard deviation of 1.0 ms. Autocorrelations were averaged across 10 204 epochs for each neuron, and each reported value is the mean across all 16 cells for that region (Fig. 6c) . In 205 addition, the average and standard deviation of each individual trace was calculated for each event, and those 206 values were averaged together to yield overall conductance means and standard deviations (Fig. 6d,e) . 207
Measurements in Human Participants with Parkinson's Disease
208
The human participants protocol was approved by the Institutional Review Board of Duke University, and all 209 participants provided written informed consent. The battery of the implantable pulse generator (IPG) needs 210 replacement every one to five years following implantation, depending on the parameters used for chronicstimulation. Participants were chosen for the study if 1) they had PD with bradykinesia that was treated 212 effectively with DBS therapy through one or more existing leads, and 2) they were returning to the operating 213 room for battery replacement surgery. Nine patients consented to participate in the study. 214
Data Collection. Participants entered the operating room, when possible having forgone dopaminergic therapy 215 for at least 12 hours (6/9 subjects). Participants did not receive presurgical medications for analgesia or sedation. 216
Individuals were resting on their backs but fully awake. Local anesthetic was applied above the IPG and a small 217 incision opened the subcutaneous pocket housing the IPG. The IPG was removed and disconnected from the 218 extension cable extending to the deep brain leads. 219
Signal generation was performed by custom software in LabView (National Instruments, Austin TX) on an 220 x86 laptop computer (Latitude D810, Dell Inc., Round Rock TX) running Window XP (Microsoft, Redmond 221 WA). Signals were trains of biphasic voltage pulses distributed in time as described in TEMPORALLY IRREGULAR 222 DBS. Stimulation was presented on the electrical contacts used clinically (4/9 subjects) or a clinically unused 223 contact on the DBS electrode was set as the current return (5/9 subjects) in participants whose clinical settings 224 included the IPG case as a current return; there were no significant differences in the responses of those two 225 groups. Typically, the stimulation amplitude was set to the clinically programmed values (6/9 subjects). The 226 amplitude in one participant (#4) was reduced from 3.5 V to 3.0 V to minimize transient side effects associated 227 with stimulation onset, and the amplitude in the two other participants was increased to compensate for changing 228 the return electrode from the IPG case to a DBS lead: 4.0 V instead of 2.5 V (#8) and 3.5 V instead of 3.1 V (#6). 229
The primary pulse duration was set to the clinically used value for each individual. The secondary pulses were 230 one-tenth the amplitude of, ten times the duration of, and immediately following the primary pulses, similar to the 231 waveforms generated by the IPG. 232
After the computer generated the condition-specific signal, a multifunction data acquisition card (PXI-233 6052e, National Instruments, Austin TX) converted that digital signal into an analog output. That output signal 234 was passed through an optical isolator (BP-Isolator, Frederic Haer Corporation, Bowdoin ME) and into a custom 235 passive switch box that was configured uniquely for each participant to tie the signal and return paths to the 236 appropriate leads. The switch box, which housed an extra high-pass filter to remove any constant charge flow, fedthe signal into a sterilized custom cable designed to interface with the DBS lead extension cable (Medtronic Inc., 238
Minneapolis MN). This custom cable was strung into the sterile field and connected to the lead extension cable. 239
The hand contralateral to the stimulated brain hemisphere was placed on a two-button computer mouse on a 240 flat surface. In each trial, participants were prompted to click alternately the two buttons with their index and 241 middle finger as rapidly as possible. The laptop recorded time stamps for each press and release action of the 242 mouse (Fig. 4a) . Each trial lasted for approximately 2 minutes: ~100 sec of rest followed by 20 or 30 sec of 243 prompted mouse button clicking. Each participant began with two to five baseline trials without DBS. 244
Subsequently, the four classes of DBS were presented in random order for four minutes each, with four minutes of 245 no stimulation between DBS trains (Fig. 4b) . Thus, each participant performed two 20 or 30 sec clicking trials 246 during each DBS and each no stimulation epoch. After completing the experimental protocol, the extension lead 247 was disconnected from the custom stimulation system and the generator replacement surgery continued. 248
Although many participants could identify when some DBS was being presented, participants were blinded to the 249 stimulation conditions and none expressed any discrimination between the types of DBS. included in this analysis. Summary results are plotted as the mean ± S.E. rates across participants (Fig. 4c) . 259
Tap variabilities were also found for each condition. Since the first trials are not included in this analysis, 260 all data presented were collected ~210-240 seconds into their respective conditions. Although this 210 s delay 261 approaches the time constant of DBS onset effects, it is too short for symptoms to return to baseline following 262 DBS offset. Thus, the finger tap variabilities of interest are not the absolute variabilities, but the change in 263 variability from the previous condition. These measures will naturally underestimate the absolute changes, but12 because condition order was randomized across subjects, these measures will not introduce any biases for on or 265 off DBS conditions. The durations of all button tap depressions {T dur } and the intervals between button taps {T int } 266 were found to range over two orders of magnitude for most participants. For example, the tap durations of the 267 example participant (Fig. 4b, left) ranged from substantially less than one-tenth of a second to substantially more 268 than ten seconds. To accommodate this change of scales, the base ten logarithm was taken of each tap duration 269 {log 10 T dur } and interval {log 10 T int } (e.g., Fig. 4b, right) . The standard deviations of these logarithmic transforms 270 of tap duration (σ dur =STD{log 10 T dur }) and interval (σ int =STD{log 10 T int }) were found for each finger of each 271 participant in each trial. To accommodate slow nonstationarities -due to changes in alertness, effort, or enduring 272 effects from the previous DBS condition -the standard deviation from each condition was subtracted from that of 273 the subsequent condition to yield shifts in the variability of duration (Δσ dur k+1 = σ dur k+1 -σ dur k ) and interval (Δσ int k+1 = 274
Statistical analysis was performed on those normally distributed variability shifts (i.e., {Δσ dur } and {Δσ int }) 276 pooled together by condition across all participants. Because all measures are changes from the previous 277 condition, the absolute severity of the baseline bradykinesia has minimal effect on the statistics; whether subjects 278 were on (3/9) or off (6/9) dopaminergic medication did not affect subsequent results. The reported values were 279 found as the inverse base 10 logarithm of the variability shifts, to use the more intuitive units of variability gains, 280 ξ dur = log 10 -1 Δσ dur and ξ int = log 10 -1 Δσ int , but are presented on logarithmically graduated axes to highlight their 281 underlying logarithmic nature (Fig. 5) . A bootstrap procedure was used to estimate the median and confidence 282 intervals of the mean. The mean of a population of random samples drawn with replacement from the equally 283 numerous population of variability shifts was found 10,000 times for each condition, and sorted to yield 284 confidence intervals (Figs. 5, 7) . 285
Results
286
We measured the effects of temporally regular and temporally irregular high-frequency DBS on motor symptoms 287 in persons with Parkinson's disease (PD) and on neuronal activity in a computational model of the basal ganglia 288 thalamic circuit. Four patterns of DBS were constructed to have the same average instantaneous frequency, but 289 differing degrees of regularity. A temporally regular pattern consisted of identically spaced pulses at 130 Hz. For 290 the other three temporally irregular patterns, the instantaneous frequencies were drawn from a gamma distribution 291 with a mean of 130 Hz and a standard deviation equal to 10%, 30% or 60% of the mean (Fig. 1a,b) . 292
Error Rates in Model Thalamic Cells Track DBS Irregularity. A computational model of the basal ganglia 293
thalamic network (Fig. 1c) containing 64 point neurons with voltage-dependent conductances was used to 294 quantify the effects of temporally regular and irregular DBS on neuronal activity. Changes to the bias current of 295 neurons in the globus pallidus shifted the model between healthy and parkinsonian states. In the parkinsonian 296 state, four patterns of DBS were used to activate neurons in the subthalamic nucleus (STN) . 297
Changing the model from the healthy to the parkinsonian state increased the firing rate of neurons in the 298 STN. Regular DBS (130 Hz) further increased the average firing rate but also regularized the inter-spike intervals 299 (ISIs, Fig. 2b ). Increasingly irregular DBS had the same effect on firing rate as regular DBS, but decreased the 300 ISI regularity, broadening the ISI distributions (Fig. 2b) . 301
In contrast to disease-induced rate changes in STN, neuronal firing rates in the external globus pallidus (GPe) 302 dramatically decreased from the healthy to the parkinsonian condition (Fig. 2c) . Similar to changes observed in 303 STN however, the firing rates of GPe neurons increased in response to all patterns of DBS. During regular DBS, 304
GPe firing patterns became more regular, exhibiting fewer bursts and fewer long pauses. Also similar to STN, the 305 ISIs in GPe became increasingly irregular with increasingly irregular DBS (Fig. 2c) . 306
Shifting from the healthy to the parkinsonian state did not have a large effect on the average firing rate of 307 neurons in the internal globus pallidus (GPi), but substantially altered the firing patterns. The ISI distribution 308 shifted from primarily unimodal centered around 15 ms in the healthy condition, to bimodal in the parkinsonian 309 condition, with a broad intra-burst mode centered around 8 ms and a broad inter-burst mode centered around 25 310 ms (Fig. 2d) . All patterns of DBS increased the firing rate of GPi model neurons, but had different effects on the 311 patterns of neuronal activity. Regular DBS converted the two broad modes into three relatively narrow modes, 312 representing the GPi neurons firing phase-locked to the DBS pulses in ratios of 1:1, 2:3 or 1:2 (Fig. 2d) . Irregular 313 DBS generated broad ISI distributions more similar to the parkinsonian state than to the regular DBS state. 314
In summary, firing rate changes between the healthy and parkinsonian states were different across all three 315 regions: increasing, decreasing, and nearly constant in STN, GPe and GPi, respectively. The rate changesgenerated by DBS amplified those of parkinsonism in STN, counter-acted them in GPe, and simply increased the 317 rate in GPi, regardless of DBS regularity. However, irregular DBS produced ISI distributions that were 318 qualitatively similar to the parkinsonian state, whereas regular DBS produced ISI distributions qualitatively 319 similar to the healthy state. To quantify these similarities, the firing pattern entropy was calculated from each ISI 320 distribution. In all regions, firing pattern entropy increased between the healthy and parkinsonian conditions (Fig.  321   2e) . Regular DBS decreased firing pattern entropy to below the levels observed in the healthy condition. 322
Increasingly irregular DBS increased the firing pattern entropy, which returned to or exceeded the unstimulated 323 parkinsonian level in response to the most irregular pattern, 130±60%. 324
The fidelity of thalamic transmission was quantified to estimate the functional impact of different patterns 325 of DBS. Thalamic cells (TC), in addition to receiving inhibitory synaptic input from GPi cells, received excitatory 326 current pulses that represented motor information passing through the thalamus. Responses were counted as 327 correct when a thalamic cell spiked once in response to one excitatory input, and responses were counted as errors 328 when a thalamic cell did not spike in response to an input (miss), spiked more than once in response to an input 329 (burst), or spiked in the absence of an input. While errors were rare in the healthy condition (Fig. 3) , they were 330 commonplace in the parkinsonian condition (DBS Off). Regular DBS reduced the error rate to almost the healthy 331 level. Increasingly irregular DBS increased the thalamic error rate, and with 130±60% DBS, errors were more 332 common than with no stimulation. Thus, thalamic errors were not corrected by high frequency DBS unless the 333 pulse train was highly regular. 334
Human Bradykinesia Tracks DBS Irregularity. We tested the same four patterns of DBS in human participants to 335 determine whether high frequency DBS also had to be highly regular for therapeutic effectiveness. The implanted 336 pulse generator used for clinical DBS can only generate regular pulse patterns. Therefore, we connected an 337 external pulse generator to the DBS brain leads of participants with PD whose motor symptoms were managed 338 effectively by DBS therapy during battery replacement surgery. Four patterns of DBS were delivered through 339 their previously implanted DBS leads for four minute epochs using a randomized block design. At regular 340 intervals during and between epochs, bradykinesia was quantified by instructing participants to tap alternately the 341 two buttons of a computer mouse as quickly as possible for 20-or 30-second trials.
Example trials depict the raw tap durations collected from three different stimulation conditions in one 343 participant (Fig. 4a) . Data summaries for that participant in all conditions are presented in the order in which the 344 data were collected (Fig. 4b, left) . Tap durations for each condition were approximately log-normally distributed 345 (Fig. 4b, right) . Changes in tap rate, from the patient-specific mean baseline, were found for each trial and data 346 from all participants were combined by condition (N = 42, 54, 18, 18, 16 and 18 Changes in the tap duration variability (the standard deviation of the logarithms of finger tap durations) and 359 the tap interval variability (the standard deviation of the logarithms of the intervals between finger taps) were 360 calculated for each trial (Fig. 5) , and data from all participants were combined by condition. Analyses of variance 361
showed that changes in variability of both tap duration (p=0.0080) and tap interval (p=0.028) were dependent 362 upon stimulation condition. Regular and nearly regular (130±10%) DBS decreased tap duration variability and 363 tap interval variability relative to the DBS Off and the highly irregular DBS conditions, while neither of the 364 highly irregular conditions changed either the tap duration or tap interval variability relative to DBS Off. 365
Specifically, the data support three of the six hypotheses regarding tap duration: that the two hypothesized 366 asymptomatic conditions decreased tap duration variability shifts with respect to the other three conditions. DBS 367
Off increased duration variability from 130 Hz (p=0.00074) and 130±10% (p=0.0063); and 130±60% increased 368 duration variability from 130 Hz (p=0.033). After correcting for multiple comparisons (m=6, α=0.05), the firsttwo hypotheses remained highly significant: DBS Off increased duration variability over 130 Hz and 130±10%. 370 Additionally, the data support all six hypotheses regarding tap intervals: that the two hypothesized asymptomatic 371 conditions decreased tap interval variability shifts with respect to the other three conditions. Regular DBS 372 decreased interval variability from DBS Off (p=0.00050), 130±30% (p=0.012) and 130±60% (p=0.0043); and 373 130±10% decreased interval variability from DBS Off (p=0.0081), 130±30% (p=0.040) and 130±60% (p=0.016). 374
After correcting for multiple comparisons (m=6, α=0.05), all six hypotheses remained highly significant. 375
Pallidal Variability Determines Error Rate in Model Thalamic Cells. To examine the cause of irregular-DBS-376
induced bradykinesia in the human participants and thalamic errors in the model, the inhibitory synaptic 377 conductances from model GPi cells to TCs were measured between 100 ms before and 50 ms after each excitatory 378 input. Thalamic miss errors were associated with a prolonged (100 -10 ms before the input pulse) weaker-than-379 average inhibitory conductance, followed by increased inhibition coincident with the excitatory input (Fig. 6a) . 380
Thalamic burst errors were associated with a prolonged (100 -10 ms before the input pulse) stronger-than-381 average inhibitory conductance, followed by decreased inhibition coincident with the excitatory input (Fig. 6b) . 382
Averaged across all similar events, the amplitudes of these changes in inhibitory conductance were larger in both 383 the unstimulated parkinsonian and irregular DBS states than for either the healthy or regular DBS states. 384
While the inhibitory conductance profile around error events explained why a TC may have made a 385 particular type of error, it did not explain why different conditions yielded different error rates. To explore the 386 statistical behavior of the inhibitory synaptic inputs, the GPi neuron spike-time autocorrelations were calculated 387 (Fig. 6c) . Autocorrelations in the healthy condition were similar to those in the parkinsonian condition and during 388 irregular DBS: small rapidly decaying oscillations that reflect primarily the neuronal refractory period. However, 389 autocorrelations during regular DBS differed dramatically, exhibiting long lasting oscillations reflecting the DBS 390 periodicity. Thus, thalamic error rates could not be predicted from GPi spike-time autocorrelations. 391
The mean and standard deviation of the inhibitory synaptic conductance were calculated for each thalamic 392 neuron in response to each excitatory input. While the mean conductance across all conditions was roughly 393 equivalent (Fig. 6d) , the standard deviation of the inhibitory conductance differed dramatically across conditions 394 (Fig. 6e) . Highly variable conductances yielded high thalamic error rates, while minimally variable conductancesyielded low thalamic error rates. Additionally, the condition specific ranges of the standard deviations were so 396 small that essentially no cases overlapped between the high error rate (i.e., symptomatic) and low error rate (i.e., 397 asymptomatic) conditions. 398
In summary, GPi cell autocorrelations were poor predictors of thalamic errors. The swings in inhibitory 399 conductance that lead to misses and bursts were relatively independent of the average synaptic input, which varied 400 widely within all conditions but not systematically across conditions. Rather, the temporal profile and variability 401 of the synaptic conductance, while consistent within each condition, changed dramatically across conditions and 402 were correlated strongly with the thalamic error rate. 403 Irregular stimulation and symptom severity. We hypothesized that 1) masking the parkinsonism-related 415 pathological activity with regular DBS-induced activity would alleviate the motor symptoms of human 416 participants with PD, and that 2) masking the pathological activity with irregular DBS-induced activity would fail 417 to alleviate the same motor symptoms. We tested these hypotheses by substituting clinically-effective temporally 418 regular DBS with temporally irregular DBS during previously scheduled surgery to replace the depleted pulse 419 generator. Highly irregular DBS, even when delivered at an effective average frequency, did not improvebradykinesia. However, regular DBS at the same frequency lead to faster (Fig. 4c) and more regular (Fig. 5)  421 motor control. 422
In a related study, Tavares and colleagues (2005) showed that the logarithms of both the mean and the 423 coefficient of variation of the button hold duration were correlated with the Unified Parkinson's Disease Rating 424
Scale, Section III subscore (UPDRS III ). Since the logarithm of the coefficient of variation of tap duration had 425 been mapped to UPDRS III scores directly, and was the mostly highly correlated measure found (Tavares et al.,  426 2005), we calculated that measure for the nine participants in our study. Multiplying those values by the reported 427 correlation coefficient (R=0.66) and scaling by the gain (80 UPDRS III points per log unit), we calculated predicted 428 UPDRS III score shifts from the unstimulated case (DBS Off) for all DBS conditions (Fig. 7) . The estimated 429 improvements in UPDRS III scores diminished with increasingly irregular DBS. 430
These findings extend previous work highlighting the effects of DBS pattern regularity, as opposed to DBS 431 rate, on motor symptom severity. In particular, rapidly cycling DBS on and off, thereby creating DBS patterns 432 that were less regular on short time scales, alleviated motor symptoms less effectively than regular DBS 433 Understanding the time scales that divide DBS patterning from DBS rate is important to this work and to 490 our conclusion that fine temporal structure matters. During irregular DBS, the time between any two DBS pulses 491 often deviated beyond the therapeutic range. However, the average rate over many consecutive pulses rarely left 492 the therapeutic range. As an example, the time between any two pulses in the 30% irregular DBS case was highly 493 variable, ranging from less than 2.5 ms to greater than 25 ms (Fig. 1) . In contrast to this pattern variability, the 494 DBS rate was fairly constant. In particular, the probability that one second elapsed during which DBS was 495 outside of the clinically accepted therapeutic range (i.e., DBS rate was below 100 Hz), was less than 0.001. In 496 other words, for every 1000 seconds of 30% irregular DBS, only one second was outside of the therapeutic range 497 comprising fewer than 100 pulses. And yet, even though the DBS rate was in the therapeutic range 99.9% of thetime, symptoms were not alleviated. Thus, while DBS rate may play a therapeutic role, we have shown that high 499 frequency alone is insufficient: DBS patterning is a critical component of symptom alleviation. 
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Text Footnotes
520 † If the coefficient of variation and the mean both increase then their product, the standard deviation, will 521 increase more robustly. Additionally, because the variability of tap duration scales with the mean (Fig. 4b,  522 right), the distribution of tap durations (and intervals) are log-normally distributed. Thus we used the standard 523 deviation of the logarithmic transform of the tap durations and intervals. 524 disease who participated in this study. 651 652 ************************************************************************************* failed to spike or spiked more than once to a single excitatory input, or spiked in the absence of an input.
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